Objective. To explore the usefulness of the limb laterality recognition score as a clinical measure of phantom limb pain, regarding test-retest reliability and association of limb laterality recognition scores with phantom limb pain measures.
Introduction
Graded motor imagery (GMI) has emerged as a potential treatment for chronic pain including complex regional pain syndrome (CRPS), cerebral vascular accident (CVA), and phantom limb pain (PLP) [1] . A combination of movement representation techniques such as limb laterality, motor imagery, and mirror therapy, GMI uses visual and mental images of the limb to stimulate cortical areas involved in the sensation and execution of limb movement [2] . Decreased pain or increased function have been documented after GMI [1] as a combined approach but less often as separate treatments [3] . While mirror therapy has been used as a separate treatment for CRPS, CVA, and PLP [3] , limb laterality has not been used as a standalone treatment for pain [1] . Few reports separate limb laterality recognition accuracy and response time scores [4] , and related interpretations rely on industry guidelines that have unknown validity [5] . Although pain in CRPS has decreased after laterality training [6] , a clear progression from training to improved laterality recognition score and subsequently to decreased pain has not been demonstrated to establish laterality recognition training as a valid part of GMI treatment for conditions such as PLP.
Among people living with limb loss, 80% report PLP [7] . Assessing PLP severity can be subjective and vulnerable to recall bias because PLP is brief and episodic, not constant [8] . One clinically important variable has been the frequency of PLP occurrences, which has been associated with lower prosthetic function, depression, and poor body image, all of which limit social engagement [7] . Treatment for PLP includes surgery, medication, and conservative therapeutic methods, but mixed outcomes leave no best care standard [9] . Recent studies suggest that PLP may be reduced with body and movement imagery using imagination [2, 10] , mirrors [1, 11] , or GMI protocols including limb laterality recognition [1, 12] . However, the lack of clinical measures clearly associated with PLP make monitoring clinical progress and establishing treatment validity challenging. The purpose of this study was to explore the usefulness of limb laterality recognition scores as a clinical measure related to PLP by determining test-retest reliability and any association of the recognition scores with PLP measures.
Methods
The exploratory retrospective study design included a single group of subjects who completed a questionnaire and played a mobile device application (app) testing leftright recognition ability during one support group meeting. This methodological study was a part of a protocol approved by the Institutional Review Board of the participating University Medical Center.
Subjects
Eleven right-handed adult volunteers (eight men, three women) who attended an amputee support group were included in this study. Subjects had lower limb amputations (two bilateral) for an average of 4.8 years due to vascular pathologies including diabetes (N ¼ 9), trauma (N ¼ 1), and cancer (N ¼ 1). Subjects who took medication (N ¼ 4) had used hydrocodone, acetaminophen, lyrica, and morphine in an attempt to treat their pain. One was currently employed.
Methods and Materials
Subjects completed a numbered participant questionnaire regarding demographics and medical history including medication, level of physical activity, and information about their amputation. The questionnaire included the Prosthetic Evaluation Questionnaire (PEQ) bodily sensation subsection, which included self-assessments of back pain, sound limb pain, and PLP-defined as any uncomfortable sensation in the amputated limb. The PEQ categorizes frequency in the past month as very often ¼ 4-6 times/week, a few times per month ¼ 1 time/week, 1-2 times/week, and none. Using numbered iPads that corresponded to the numbered questionnaires, the subjects played the Recognise Foot game, a mobile device app developed by the Neuro Orthopaedic Institute. Each subject identified 20 foot images, each shown for two seconds, per round. Subjects completed two rounds at each of three difficulty conditions (basic, vanilla, and context), with test order randomized by Latin square, during the hour-long testing session, which included breaks between each round.
The basic condition showed images of a bare foot in different positions seen from different perspectives with a black background, the vanilla condition showed images of a bare foot in various positions viewed from various angles with a plain white background, and the context condition showed images of a foot (shod or unshod) in a real-life environment from different perspectives. Once the foot image appeared, subjects had to choose whether it was a left or right foot within two seconds, after which another image would appear as determined randomly by the app software. The app software recorded scores for the two rounds in each of the basic, vanilla, and context conditions. No training was provided beyond a brief explanation of the software instructions.
The software provided separate accuracy and speed scores for performance related to each limb and round. Accuracy was defined as the percentage of limbs correctly identified as left or right out of the total possible. Speed was defined as the completion time used to view all 20 images. Reliability of accuracy and speed scores was assessed separately; we then calculated for accuracy score divided by speed (accuracy/speed), so that more accurate choices in less time meant a better limb laterality recognition score. Scores for accuracy/speed recognition of the left and right limb were not different (t test, P ¼ 0.89) but were strongly correlated (Pearson, r ¼ 0.99), so they were combined for reliability analysis for the rest of the statistical analysis (Table 1) . Testretest reliability of accuracy/speed scores was assessed with intraclass correlation coefficient (ICC) 3,1 for absolute agreement to account for score variance. Correlations among accuracy/speed score, demographic data, and PLP measures including intensity, duration, and frequency were assessed with Spearman's rho for categorical and nonparametric data.
Results
During the past month, 10 of the 11 subjects reported experiencing PLP. The frequency was reported as very often (N ¼ 2), a few times (N ¼ 3), one to two times/ week (N ¼ 5), and none (N ¼ 1). The same number of people reporting PLP also reported general, nonpainful phantom sensation, along with sound limb pain (N ¼ 4). Nine of 11 adjectives to describe PLP from the questionnaire were selected, most commonly aching (N ¼ 4), shooting and throbbing (each N ¼ 3), and cramping and burning (each N ¼ 2), with some using multiple descriptors of their pain. No subjects reported PLP during testing. Accuracy/speed scores had strong test-retest reliability (ICC ¼ 0.72), with no significant learning effect apparent between the first and second rounds (P ¼ 0.79). Considered separately, the accuracy and the speed scores alone did not show significant test-retest reliability or a learning effect from round to round (see Table 1 ). The accuracy/speed score had an inverse association with frequency of PLP occurrence, such that people with more frequent PLP had lower scores. As difficulty level increased on the Recognise App, the association between the accuracy/speed score and PLP frequency increased (basic rho ¼ 0.20, vanilla rho ¼ 0.34, context rho ¼ 0.72) with the context condition strongly associated with the frequency of PLP occurrences. Context condition accuracy/speed had a standard error of measurement (SEM) of 1.58, with a minimal detectable change (MDC) of 4.37 at a 95% confidence interval. Accuracy/speed scores had no consistent relationship with PLP or sensation severity or duration, limb or back pain, or physical activity measures. Context condition accuracy/speed was also strongly associated with residual limb pain frequency (see Table 2 ). Demographic data such as sex, amputation cause, medication, and impact of pain on activity had no significant association with accuracy/speed score.
Discussion
The primary results of this study indicate that 1) limb laterality accuracy/speed recognition score can measure laterality recognition performance with strong test-retest reliability. Strong reliability without significant learning effect was found for all three difficulty levels, despite the fact that subjects attempted different game strategies, such as selecting slower and more carefully or faster and less carefully, that may explain inconsistency for separate accuracy and speed scores. Recognition accuracy/speed for the context level correlated with frequency of PLP, although scores for the less difficult basic and vanilla levels correlated minimally with PLP symptoms. Study results suggest a relationship between limb laterality recognition performance and PLP symptoms that warrants further exploration. Few studies reporting any association between laterality recognition scores and pain exist for comparison with the current findings. Time required for correct responses by people with CRPS has been weakly correlated with symptom duration (rho ¼ 0.44) but not intensity or frequency, with response time for the affected limb being greater than for the unaffected hand (P < 0.05) [4] . While response time may be related to the experience of pain, the authors questioned the suggestion as subjects had not reported pain during testing [4] . Using a response time ratio for affected and unaffected limbs has also been reported, but had no relationship with the outcome measures or results [12] . Laterality recognition speed and accuracy were recorded in one study that suggested that laterality recognition practice when followed by imagined movement can reduce chronic pain in people with CRPS [6] . Scores were not reported, however, making it unclear whether laterality recognition performance or just the sustained attention to the limb images was the important factor [6] .
No study has specifically addressed PLP with laterality recognition training, separately or within a GMI protocol, for comparison with the current study [1, 3] . PLP in this study was defined as any uncomfortable sensation felt in the missing limb because the range of reported phantom pain sensations is highly variable [13] . For example, the 11 study subjects used nine of the 11 different descriptive adjectives. Clinicians have often attempted to draw distinctions between PLP and phantom sensations, possibly because of the association between PLP and depressive symptoms [7] . For the person with limb loss, however, the PLP experience may not match professionals' concept of PLP [14] . Distinguishing between PLP and phantom sensations may be more theoretical than practical given that both often coexist, as illustrated by the high level of correlation in the reporting of PLP and phantom sensation [13] . In addition, the current findings suggest that the frequency of PLP occurrence may be a more useful reflection of the PLP experience than PLP intensity because episodes of PLP are brief, episodic [8] , and anecdotally often most severe at night, making pain level reporting vulnerable to recall bias.
Useful clinical measures demonstrate both reliability and validity, such that the measure correlates with a physiological impairment or symptom. Clinical measures should also be responsive to treatment, such that improvement over time would correlate with symptomatic or functional improvements, a topic reserved for future study. With a reliable measure of laterality recognition performance that is related to PLP, the relationship among treatment outcomes such as laterality recognition performance, pain frequency, and other measures of PLP warrants further exploration. The specific scope of this study did not allow determination of whether using accuracy/ speed scores for limb laterality recognition may be reliable and valid in other populations, or relate to symptoms in other chronic pain syndromes for which cortical proprioceptive representation is known to be altered.
Limitations of this retrospective study include the small and heterogeneous subject sample; results cannot be generalized to other samples. A larger sample would allow for calculation of more generally applicable correlation, SEM, and MDC values. Future research with more subjects may also enable separate analyses of patient subgroups that take into account potential variations in recognition ability of amputated vs nonamputated or upper vs lower amputated limbs; different individual demographics including number of amputated limbs, amputation etiologies, surgical levels, and prosthetic use histories; and phantom sensations vs pain. Retrospective analysis of existing data prevented control of covariates and analysis of data not collected such as age. In addition, there is no standard PLP measure. Future research may investigate reliability on different days and responsiveness to treatment of accuracy/speed score.
Conclusions
Accuracy/speed score on the left-right limb Recognise App had 1) good test-retest reliability in people with limb loss and 2) strong correlation with PLP frequency in the context condition. Accuracy/speed scores for leftright limb recognition in the context condition relate to frequency of PLP occurrence and may be a valid clinical measure in future GMI or PLP treatment and research.
